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Abstract 
A finite Berry curvature dipole can induce a nonlinear Hall response in which a charge 
current induces a transverse electric voltage under time-reversal-symmetric conditions. 
Such nonlinear Hall signals have been detected in low-crystalline-symmetric materials such 
as WTe2 and strained MoS2 when the injection current is perpendicular to the mirror plane. 
Here, we report the observation of the nonlinear Hall effect in pristine small-angle-twisted 
WSe2, evidenced by the dominated second harmonic Hall voltage that scales quadratically 
with the injection current. The nonlinear Hall effect survives globally along all in-plane 
directions with an extracted Berry curvature dipole up to 2.5 nm and a record high value of 
the responsivity at 1010 VW−1. Our work demonstrates a new and highly tunable system to 
achieve giant nonlinear Hall effects and provides potential applications in rectification and 
second harmonic generation using artificially constructed van der Waals superlattices. 
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    The Berry curvature (BC) in momentum space can give rise to novel transport phenomena in 
materials with broken time-reversal or inversion symmetry1, 2, 3. The non-trivial BC plays a key 
role in quantum Hall effects in two-dimensional electron gas systems under external magnetic 
fields1, anomalous Hall effects in magnetic materials2, 4, and valley Hall effects in inversion 
asymmetric materials5, 6. While the zero-order moment of the BC is related to the Hall responses 
at the same frequency as the input, theoretical calculations pointed out that the first-order moment 
of the BC, the so-called Berry curvature dipole (BCD) D, can result in second harmonic Hall 
responses (Fig. 1a), namely, the nonlinear Hall effect7, 8, 9. The non-vanishing BC is accompanied 
by the breaking of the time-reversal or the inversion symmetry, whereas the emergence of the BCD 
requires extra crystalline symmetry breaking10, 11, 12, 13, 14. Till now, experimental observations of 
the nonlinear Hall effect have only been achieved in either pristine WTe215, 16 or strained MoS217 
and graphene18, in which the nonlinear Hall signals can only survive when the in-plane input is 
perpendicular to the crystal’s mirror plane or parallel to the exerted strain. 
    Moiré superstructures generated by stacking the same material with a small rotation angle or by 
stacking two materials with similar lattice constants can largely modulate the band structures and 
transport properties of the materials19, 20, 21, 22, 23. Unconventional phenomena such as 
superconductivity24, 25, 26, 27, 28, Mott insulating phase29, 30, 31, 32, 33, and ferromagnetism34, 35 have 
been observed in twisted graphene and twisted transition-metal dichalcogenides (TMDCs). 
Scanning tunneling microscopy (STM) studies reveal a spontaneous energy-dependence of 
rotation symmetry breaking in twisted graphene near the magic angle due to enhanced electron 
interactions36, 37. Such spontaneous symmetry breaking is thought to play a vital role in the 
observed unconventional phenomena38, 39, 40. Compared with twisted graphene, the symmetries in 
twisted TMDCs are more complicated since one monolayer TMDC consists of one layer of 
transition metal atoms and two layers of chalcogen atoms. Experimentally, rotational and mirror 
symmetry breaking in twisted WSe2 (tWSe2) from either spontaneous or substrate effects have 
been observed by STM topography41. The intrinsically broken inversion symmetry causes the 
emergence of BC hotspot, while the three-fold asymmetry creates BCDs (Fig. 1b, c). Along with 
large spin-orbit couplings, twisted TMDCs become a potential platform for observing nonlinear 
Hall effects. 
    In this work, we report the first transport measurement of nonlinear Hall effects in tWSe2 moiré 
superlattices whose broken symmetries are verified by scanning transmission electron microscopy 
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(STEM) and STM characterizations. Upon applying an in-plane AC electric field, a prominent 
second harmonic Hall voltage that scales quadratically with the injected current is detected. Gate-, 
temperature- and angular-dependent nonlinear Hall effects are investigated in different samples. 
Unlike the situation in naturally-formed crystalline materials15, 16, 17, the nonlinear Hall signals in 
artificially constructed tWSe2 are measurable globally at any in-plane directions. Very strikingly, 
the value of the nonlinear Hall responsivity reaches up to 1010 VW−1, which is six orders of 
magnitude higher than the maximum value reported so far15, 42. 
Twisted WSe2 structures were fabricated using the “tear-and-stack” method24, 25 (see details in 
Methods). Fig. 1d shows two typical features of tWSe2 samples as observed by STEM. Firstly, the 
twist angle (~1.8°) can be determined by measuring the moiré lattice scale and the angular 
difference between the two sets of electron diffraction patterns shown in the inset. Secondly, the 
moiré superlattice exhibits strong distortion as outlined by the red dashed lines connecting the 
nearest AA stacking points.  The moiré unit cells joint at these AA points with angles of 77°, 54° 
and 49°, largely deviating from the ideal angle of 60°. Using a uniaxial heterostrain model and the 
distance between three nearest AA points in each triangle, we estimate the maximum lattice 
strain 𝜀 = 1.13 %, the minimum strain 𝜀 = 0.65 % and the average uniaxial strain 𝜀 = 0.90 % (see 
Supplementary section I)37. Note that the calculated strain is an averaged value over a small 
triangle, the local strain at individual atom bonds can be larger or smaller than the average strain. 
Similarly, STM images illustrate similar deformation effects. In Fig. 1e, for example, the moiré 
unit cells are hardly hexagonal, and the enlarged pattern in the dark square area is a scalene 
hexagon. The local twist angle (~3.8°) and strain strength (𝜀 = 0.8 %) can be extracted using the 
same uniaxial heterostrain model (see Supplementary section I). 
    On the base of STEM and STM characterization for tWSe2 samples with twist angles ranging 
from 1° to 4°, we conclude that significant symmetry breaking effects universally exist in tWSe2. 
Recently, a spontaneous rotational symmetry breaking which is attributed to the enhanced 
electron-electron interactions near the correlated insulating states in twisted bilayer graphene has 
been observed36, 37, and similar effects occur in our tWSe2 samples. In the STEM image in Fig.1d, 
the inhomogeneous contrast inside each triangle indicates lattice reconstruction, further 
demonstrating the symmetry breaking and inhomogeneous strain occurring inside the superlattice 
(see Supplementary section I). Although the substrate effects or twist angle deviation induced 
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during the fabrication process could also be the reasons for the observed lattice distortion and 
symmetry breaking38, 43, in general, the broken rotational and mirror symmetries would segregate 
the BC with different signs and result in a Berry curvature dipole strength D near the Fermi level 
as discussed later for theoretical calculations. As a result, a nonlinear Hall current 𝐽ே௅ு  with 
frequency 2𝜔 should be generated if an external electric field with frequency 𝜔 is applied parallel 
to D (Fig. 1a). 
In this study, we use monolayer/bilayer/trilayer WSe2 (labeled as sample A/B/C, respectively) 
to fabricate twisted structures. Fig. 1g shows the transport characteristics of a typical high-quality 
tWSe2 device (sample B with a twist angle 𝜃  of 3.1° , see Supplementary section II for the 
determination of 𝜃) built with a top-gate electrode (Fig. 1f), in which the resistance is plotted as a 
function of the carrier density n at the temperature T = 1.5 K. Full filling of a moiré unit cell can 
be estimated based on 𝑛଴ ൌ 2 ቀ√ଷଶ 𝜆ଶቁൗ ൌ 6.15 ൈ 10ଵଶ cmିଶ, where 𝜆 ൌ 𝑎 ቀ2 sin
ఏ
ଶቁ⁄  is the moiré 
superlattice constant calculated using the lattice constant of WSe2 𝑎 ൌ 0.329 nm and the twist 
angle 𝜃 ൌ 3.1°. A resistance peak at gate voltage Vtg = −9.2 V (corresponding to half filling of a 
moiré unit cell at n = n0/2 = 3.08 × 1012 cm-2) indicates strong correlations within the moiré subband. 
The dramatic drops of the resistance to nearly zero at Vtg = −9.5 V and Vtg = −8.8 V can be attributed 
to the correlated metallic states adjacent to half filling24, 27. We also measured the T-dependent 
resistances and superconducting signatures (See Supplementary section III), which are consistent 
with the results from other high-quality twisted devices24, 25, 27, 29. 
To measure the nonlinear Hall effects in the tWSe2, an AC bias voltage at a fixed frequency (𝜔 
= 4.579 Hz) is applied. The induced current at the same frequency I and voltage drops along the 
longitudinal (𝑉⫽ ) and transverse (𝑉 ) directions at the second harmonic 2𝜔  frequencies are 
recorded. The responses of the second harmonic Hall voltage 𝑉ଶఠ to the injection current I for 
samples A, B and C are shown in Fig. 2a. Three obvious features are observed. First, 𝑉ଶఠ increases 
nonlinearly and scales quadratically with I for all three samples. Second, 𝑉ଶఠ changes its signs 
when both the voltage detection and current injection directions are reversed. Third, sample A 
(1L+1L)/sample B (2L+2L) produces the highest/lowest 𝑉ଶఠ signal, respectively. To illustrate the 
details of the property changes of the nonlinear Hall effect, we first mainly show the representative 
data from sample B in Fig. 2b-g. The behaviour of all three samples are similar, and additional 
nonlinear transport data can be found in Supplementary section IV, V and VI.  
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Fig. 2b demonstrates the typical data of  𝑉ଶఠ versus 𝐼ଶ taken from sample B. We find that  𝑉⫽ଶఠ 
(red dots) vanishes, while 𝑉ଶఠ measured using various lead configurations changes linearly with 
𝐼ଶ (black dots and blue dots). Such a Hall dominated second harmonic signal can exclude other 
possible effects such as the contact junction, flake shape, and thermoelectric effects induced 
second harmonic generation, verifies the BCD induced nonlinear Hall effect in tWSe215. Different 
from previously reported data in WTe2 and strained MoS2, when we exchange the current injection 
with the Hall voltage measurement directions, we still get a non-vanishing second harmonic Hall 
voltage (green dots in Fig. 2b)15, 16, 17. Since the crystal edge is not aligned to the electrodes in 
sample B, whether such a non-vanishing Hall voltage reveals mirror symmetry breaking is not 
clear and will be discussed later. Additional transport data such as DC response and frequency 
dependence of the nonlinear Hall signal is shown in Supplementary section V. 
Next, we investigate the second harmonic Hall response 𝑉ଶఠ as a function of n, or equivalently 
Vtg in the measurement, at a fixed longitudinal current 𝐼 ൌ  20 nA. As shown in Fig. 2c, 𝑉ଶఠ 
experiences a sharp increase after the channel is switched on at Vtg = −5.8 V. Then, it fluctuates 
and tends to decrease with increasing n. However, it remains non-zero in the whole range where 
we measured the sample. The 𝑉ଶఠ – 𝐼ଶ relationship at different Vtg is shown in Fig. 2d. In the 
whole range of the gate voltage we measured, 𝑉ଶఠ increases nonlinearly and scale quadratically 
with 𝐼ఠ. Therefore, the nonlinear Hall effect is robust at all gate voltages.  
We then further investigate the temperature dependent nonlinear Hall effect. From Fig. 2e, we 
can see that 𝑉ଶఠ scales quadratically with 𝐼 at different temperatures, and that the nonlinear Hall 
signals become lowered at higher T. Quantitatively, the strength of the nonlinear Hall signal can 
be evaluated through 𝑉ଶఠ ൫𝑉⫽൯ଶൗ  (the higher value, the higher nonlinear response), where 𝑉⫽ 
depends linearly with 𝐼 according to the Ohm’s law. As plotted in Fig. 2f, the fitted 𝑉ଶఠ ൫𝑉⫽൯ଶൗ  
decreases monotonically with increasing temperature and reduces to nearly zero at T = 30 K. The 
upturn trend of the longitudinal conductivity 𝜎௫௫ versus T indicates insulating behaviour at the 
gating condition we used. Both n and T dependences demonstrate a higher nonlinear Hall signal at 
a lower 𝜎௫௫, which is in accordance with the BCD induced effect but inconsistent with the disorder 
induced effect44. Meanwhile, it must be noted that though the BCD dominates in our sample, the 
linear fitting in Fig. 2g cannot rule out the possibility from other second harmonic transport 
mechanisms (see Supplementary section VII for more details)45.  
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According to previous reports7, the BCD induced nonlinear Hall current can be expressed as: 
𝑱𝟐𝝎 ൌ ௘యఛଶℏమሺଵା௜ఠఛሻ ሺ?̂? ൈ 𝑬ఠሻሺ𝑫 ⋅ 𝑬ఠሻ, where ℏ is the reduced Planck constant, e the electron charge 
and 𝜏 the relaxation time. It means that the nonlinear Hall signal is normal to the source E and 
parallel to D. We also know that D is perpendicular to the sample mirror plane (if a mirror exists). 
In order to verify the breaking of mirror symmetry, we fabricate disc-shaped devices and examine 
the angular dependence of the nonlinear Hall effect. If any mirror symmetry along certain in-plane 
direction is preserved, 𝑉ଶఠ must be zero when the external electric field is along the mirror plane 
(𝑫 ⋅ 𝑬ఠ ൌ 0)7, 15, 16, 17. Fig. 3a reveals the optical image of sample A (twist angle 2.01°) constructed 
with twelve bottom electrodes in circular distribution. The naturally cleaved edge (armchair or 
zigzag) of WSe2 is aligned with one pair of the electrodes along the diameter of the circular device 
which are set to be 𝜃 ൌ 0° and 𝜃 ൌ 180°. Therefore 𝜃 ൌ 90° and 𝜃 ൌ 270° is the other cleaved 
edge. The angular dependent 𝑉ଶఠ is measured in a clockwise sequence and shown in Fig. 3b. Since 
the nonlinear Hall effect is induced by the non-zero D, we can calculate D from the measured 
second harmonic voltage using 𝐷 ൌ ଶℏమሺఙೣೣሻయ௏఼మഘௐ௘యఛூమ , where W is the sample width15. The 
conductivity 𝜎௫௫ and relaxation time 𝜏 can be calculated from the transport data (See Methods). 
The mapping of D as a function of filling factor and angle is illustrated in Fig. 3c. Similar to that 
in WTe2, in our sample D also changes signs at different n. However, the value of D is nonzero 
along all directions in our sample, while in WTe2 or strained MoS2, D is nonzero only along the 
normal of the mirror plane15, 16, 17. The observed global nonlinear signal evidences that there is no 
mirror symmetry in our sample, consistent with the STEM and STM results. One more apparent 
feature is that the value of D along different directions are highly different, ranging from 10−15 m 
to 10−9 m, which implies that the strain is highly inhomogeneous. This inhomogeneity has also 
been confirmed by our STEM and STM studies (See Supplementary section I). It must be noted 
that the mesoscopic nonlinear signal we measured is an average result of the microscopic responses 
in the sample. To evaluate the transfer efficiency of the nonlinear signal, the responsivity γ (the 
ratio between the nonlinear Hall voltage and the applied source power) is calculated and shown in 
Fig. 3d. The highly anisotropic value of γ, displaying similar features with the absolute value of D, 
reaches as high as 1010 VW−1 (See Supplementary section VIII), which is about six orders of 
magnitude larger than previous studied materials15, 42. This amazingly large value highlights the 
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great potential of using artificially constructed twist interfaces of van der Waals materials for 
nonlinear signal generations.  
Similar results are obtained from sample C (twist angle 1.97°), as shown in Fig. 3e, 3f and 3i. 
We can see that D changes signs and γ drops to a minimum value at the full filling states. Compared 
with sample A (Fig. 3h), sample C (Fig. 3i) has a larger value of D and a smaller value of γ. This 
difference can be explained as follows. In sample C, other valleys such as Γ and Q valleys may 
contribute to the transport, and more bands fold to the moiré Brillouin zone. The smaller band gap 
and the enhanced density of states provide larger BCD (Fig. 3g, BC is inversely proportional to 
the gap size) and smaller sheet resistance. As shown in Fig. 3h and 3i, the observed BCD dipole 
in sample C is much larger than that in sample A. The large nonlinear signal in sample A can be 
represented by the large responsivity. We also list the values of D and γ for all three samples in 
Supplementary section VIII, in which sample B has both lowest value of D and γ. This can be 
attributed to the presence of inversion symmetry in pristine bilayer WSe2, considering a similar 
level of strain-induced symmetry breaking effects in all three samples. 
To further understand the origin of the observed BCD in tWSe2, we perform theoretical 
calculations by using a continuum model (see Supplementary IX and reference 46). As an example, 
the band structures, density of states, and Berry curvatures of 2° tWSe2 are shown in Fig. 4. 
Theoretically, in the twist systems with C3 symmetry, the BCD vanishes12, 15. The BC for tWSe2 
without strain is shown in Fig. 4d. In this case, the BCD, which measures the gain in total BC flux, 
must vanish. As mapped in Fig. 4e and f, the BCD cancels along zigzag (𝑘୶)  and armchair (𝑘୷)  
directions. Fig. 4g depicts the calculated BC in tWSe2 with uniaxial strain 𝜀 = 0.6% along the 
zigzag direction. The unbalanced BCD distribution in Fig. 4g is displayed in Fig. 4h/4i along 𝑘୶/𝑘୷ 
direction, respectively. This breaking of three-fold rotational symmetry results in finite BCD. Fig. 
4j to 4o present the simulation (Fig. 4j and 4k) and experimental results (Fig. 4l to 4o) for the BCD 
plotted as a function of filling factor, respectively. In Fig. 4j and 4k, since BC has opposite signs 
in the upper subband and lower subband, D changes signs when the Fermi level is tuned across the 
bandgap. Fig. 4l to 4o plots the experiment result of the dipole versus Vtg at 𝜃 = 0° and 90°. For 𝜃 
= 0° data, D increases and saturates at 1 Å when n is increased, and then drops and changes its sign 
at the full filling. Since the trend of Dx and Dy match the 𝜃 = 0° and 90° data fairly well, 𝜃 ൌ 0° is 
most likely to be the zigzag direction in our sample. The consistency between experimental 
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observation and theoretical simulation provides credible evidence for our observation of the BCD 
induced nonlinear Hall effect in tWSe2. The only difference in the position of the sign change point 
can be attributed to the inhomogeneous n along different directions. The difference in dipole 
amplitude should be resulted from inhomogeneous or non-uniaxial strains and variation of 
displacement electric fields along with Vtg. 
The BC induced intrinsic valley Hall effect was observed previously in inversion asymmetric 
TMDCs under time-reversal-symmetric conditions6. However, since the anomalous velocity 
(driven by BCs) have opposite signs for valleys K and K′, the net transverse current is charge-
neutral and no Hall voltage is generated. Here, the nonlinear Hall effect we observed is an electric 
Hall signal, albeit second harmonic. Twisted TMDCs FET devices provide a new platform for 
introducing and manipulating giant nonlinear Hall effects in the absence of a magnetic field for 
the following reasons. First, the large spin-orbit-coupling in the flat-bands, though about one order 
smaller than that in the monolayer, is a prerequisite for the existence of BCD. Second, lattice strain 
inevitably exists in twisted samples and breaks the three-fold rotational symmetry and thus 
transfers the BC hotspot to BCD moment. Besides the strain-induced symmetry breaking, we also 
highlight the role of the displacement electric field (generated by the applied Vtg, see 
Supplementary X), which energetically separates the sub-bands and BCs in the two moiré valleys 
(See Supplementary XI) and makes the value of BCD (2.5 nm in sample C) the same order as the 
highest of all materials ever explored, and the value of the nonlinear Hall responsivity (1010 V W−1) 
six orders of magnitude higher than the maximum value reported so far15, 42.  
In summary, we demonstrate the symmetry breaking effects and BCD-induced giant nonlinear 
Hall effects with unlimited global input direction and robust spin-valley coupled energy bands in 
tWSe2 moiré superstructures, which have potential device applications such as current rectification 
and frequency-doubling. Our research work provides several key insights of symmetry breaking 
effects that could guide future experiments in artificially twisted TMDCs, including the study of 
the interplay between topological properties and correlation effects in twisted structures with twist-
angle-tunable interaction strength, such as the one that predicts topological phase transitions at full 
filling of a moiré unit cell46. 
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Methods 
Device fabrication 
WSe2 bulk crystals and the BN sources are bought from HQ graphene. BN about 30 nm thick are 
exfoliated onto SiO2/Si substrates, and then 10 nm Pt electrodes are patterned on the BN using e-
beam lithography (EBL), reactive ion etching and e-beam evaporation. Using polycarbonate (PC)/ 
polydimethylsiloxane (PDMS) on a glass slide, BN about 15-30 nm is picked up from the SiO2/Si 
substrate. Then, tWSe2 is fabricated by the “tear and stack” method and transferred onto the 
prepatterned Pt electrodes24. Top gate is then patterned by a second-round EBL and e-beam 
evaporation. 
Transport measurement 
Transport measurements were performed in cryogenic system which provides stable temperatures 
ranging from 1.4 to 300 K and fields up to 14 Tesla. The DC top gate was applied through our 
home-made DAC with resolution of 1 mV. AC bias voltage was applied to the source probe 
through SRS DS360. First and second harmonic signals were measured by Signal Recovery 7280 
lock-in amplifier (impedance 100 MΩ). The I-V curves were measured by Keithley 6430. The 
dI/dV curves were measured by SRS DS360 and SRS 830. 
Estimate the BCD from experiment 
The strength of D at each angle and gate are calculated from 𝐷 ൌ ଶℏమሺఙೣೣሻయ௏఼మഘௐ௘యఛூమ . The conductivity 
and relaxation time are calculated from 𝜎௫௫ ൌ 𝐺 ௅ௐ and 𝜏 ൌ
ఙೣೣ௠
௡௘మ , where G is the conductance, L is 
the channel length and m is the effective mass. In our experiment, 𝑚 ൌ ℏమ|௄೘|మଶ௪౐ ൌ 1.1 𝑚ୣ, where 
|𝐾௠| is the distance between 𝛤 and K in moiré Brillion zone, and 𝑤୘ = 7 meV characterizes the 
tunnelling strength20. 
Theoretical calculation of the Berry curvature dipole 
The Berry curvature dipole can be evaluated by: 
𝐷 ൌ െ׬ 𝑑ଶ𝒌 ෍ 𝑣ఈ௞,క௫ሺ௬ሻ
ఈ,క
Ωఈ௞,క𝛿ிሺ𝐸ఈ െ 𝐸ிሻ  
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where 𝛼, 𝜉 are band and valley index. 𝛺ఈ௞,క ൌ 𝑖⟨𝜕𝒌𝑢ఈ௞,క| ൈ |𝜕𝒌𝑢ఈ௞,క⟩ is the BC, and |𝑢ఈ௞,క⟩ is the 
Bloch wavefunction obtained from the continuum model (see supplementary). 𝑣ఈ௞,క ௫ሺ௬ሻ  is the band 
velocity and  𝛿ிሺ𝐸ఈ െ 𝐸ிሻ is a delta-function centered at 𝐸ி. Detailed calculations of the BCD for 
strained tWSe2 can be found in reference 46. 
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Fig.1 | Electron microscope and transport characterizations of twisted WSe2. a, Illustration of 
the nonlinear Hall effect. An external AC electric field parallel to the Berry curvature dipole D can 
generate a second harmonic nonlinear Hall current JNLH. b, Intrinsically broken inversion 
symmetry provides Berry curvature hotspot. c, Broken rotational symmetry segregate positive and 
negative Berry curvature, resulting in non-zero Berry curvature dipole. d, High-resolution STEM 
image of moiré superlattice formed from twisted WSe2 (scale bar 5 nm). AA stacking points (W 
atom on W atom or Se atom on Se atom) are connected through red lines. The distorted triangular 
moiré demonstrates the broken spatial symmetry. Inset: Diffraction pattern taken from the sample 
indicate a 1.8° twist angle (scale bar 2.3 nm-1). e, STM image from twisted WSe2 (scale bar 10 
nm). Inset: Enlarged pattern from the local area in the dark square (scale bar 2.5 nm).  f, Schematic 
of device structure. g, Resistance as functions of 𝑉୲୥ and n for our twisted double bilayer WSe2 
sample with a twist angle of 3.1° (sample B). Inset: optical image of a tWSe2 device before top 
gate deposition (scale bar 8 μm). Red (blue) dashed areas correspond to top (bottom) WSe2. 
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Fig.2 | Nonlinear transport of twisted WSe2. Data in (a)-(d) are measured at T =1.5 K. a, Second 
harmonic Hall voltage VAB measured through probes A and B as functions of current amplitude 
ICD (through probes C and D) in different samples. The dots are experimental data and the solid 
lines are parabolic fits of the data. Insets: schematics of the electrode geometry. b, Second 
harmonic voltage measured in sample B using different combinations of electrodes as a function 
of the square of current amplitude at 𝑉୲୥ ൌ െ8.2 V. c, Second harmonic Hall voltage (left, black) 
at fixed current amplitude 𝐼 ൌ 20 nA and longitude conductance (right, blue) as a function of gate 
voltage. The data in (c)-(g) are measured in sample B using the same configuration in (a). d, 
Second harmonic Hall voltage measured at different gates as functions of the square of current 
amplitude. e, 𝑉ଶఠ measured at different temperatures as a function of 𝐼ଶ. f, Fitted 𝑉ଶ௪ ൫𝑉⫽൯ଶൗ  (left, 
black) and longitude conductivity 𝜎௫௫ (right, red) as a function of temperature. g, 𝑉ଶ௪ ൫𝑉⫽൯ଶൗ  as a 
function of ሺ𝜎௫௫ሻଶ at different temperature. The dashed line is a linear fitting of experiment data. 
Data in (e)-(g) are measured at 𝑉୲୥ ൌ െ8.2 V. 
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Fig. 3 | Angular-dependent nonlinear Hall effect. a, Optical image of a 2. 01° twisted double-
monolayer WSe2 sample (sample A) with 12 electrodes in a circle (scale bar 4 μm). Blue (red) 
dashed areas correspond to top (bottom) WSe2. Angular dependent nonlinear Hall effect were 
measured by injecting a current from the electrode at angle 𝜃 from crystal edge to electrode at 
angle 𝜃 ൅ 180°. 𝑉ଶఠ was set as the potential at 𝜃 ൅ 90° minus the potential at 𝜃+270°. b, c, d, 
Angular and filling factor dependence of 𝑉ଶఠ (b), D (c), responsivity γ (d) measured from the 
nonlinear Hall effect in sample A at T =1.5 K. The 𝑉ଶఠ and D mapping show two kinds of regions 
marked with red (positive dipole value) and blue (negative dipole value). e, f, Angular and filling 
factor dependence of D (e), γ (f) measured in twisted double-trilayer WSe2 (sample C) at T =1.5 
K. Data shown in (b)-(f) is an average value of the data at 𝜃 and 𝜃 ൅ 180°. g, Schematic band 
structure of the valence band and the dipole at different fermi level in twisted WSe2 with different 
layer numbers. The dipole has opposite signs in different band and is zero at the band gap. h, i, D 
and γ versus filling factor in sample A (h) at 𝜃 ൌ 0° and sample C (i) at 𝜃 ൌ 90°. 
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Fig. 4 | Theoretical modelling of strain-induced Berry curvature dipole. a, A perfect 
superlattice formed from twisted bilayer WSe2 with D3 point group symmetry. The blue line 
indicates moiré Brillouin zone. W atom on Se atom or Se atom on W atom are labeled by AB 
domain and BA domain.  b, First Brillouin zone of the top layer (black), bottom layer (red) WSe2 
and the moiré Brillouin zone (blue).  c, Band structure and density of states without (blue) and 
with (red) strain along zigzag direction in twisted bilayer WSe2. The displacement electric field is 
set at 10 meV in calculation in (c)-(k). d, The Berry curvature of the top moiré valence band 
without strain. e-f, Dipole density along 𝑘୶ (e) and 𝑘୷ (f) direction without strain. 𝑘୶ and 𝑘୷ are in 
units of nm-1. g-i, The Berry curvature (g), dipole density along 𝑘୶ (h) and 𝑘୷ (i) direction after 
introducing a strain strength of 0.6% along zigzag direction. j, k, Theoretically calculated D as a 
function of filling factor. Dx (j) and Dy (k) are the BCD along the zigzag and armchair directions 
respectively. l, Experiment estimated D in sample B at 𝜃 ൌ 0° as a function of filling factor. m, 
Enlarged figure from the dark square in (l). n, Experiment estimated D in sample B at 𝜃 ൌ 90° as 
a function of filling factor. o, Enlarged figure from the dark square in (n). Theoretically calculated 
Dx and Dy match the 𝜃 = 0° and 90° data well. 
